Background: Renal impairment (RI) has been shown to be one major risk factor in a number of diseases and is associated with a dismal clinical outcome. However, the influence of milder degrees of renal disease is less well defined, particularly not in patients with malignant diseases.
introduction
With use of chemotherapeutic agents in patients with solid tumors (STs) or hematological malignancies (HMs), kidney function should be monitored in order to recognize renal impairment (RI) as early as possible. The glomerular filtration rate (GFR) is the best measure of overall renal function [1] [2] [3] . Normal GFR varies according to age, sex and body size between 120 and 130 ml/min/1.73 m 2 and declines with age [2] . A decline in GFR is of high predictive value for RI and leads to enhanced drug toxicity through reduced excretion of active drugs or active metabolites. GFR can be measured by urinary clearance of a filtration marker, such as iothalamate, inulin or iohexol which is the gold standard. However, as this is cumbersome in clinical practice, serum creatinine as an endogenous filtration marker has been used to assess GFR. The National Kidney Disease Education Program of the National Institute of Diabetes and Disease of the Kidney, National Kidney Foundation (NKF) and the American Society of Nephrology (ASN) recommend estimating GFR from serum creatinine using the 'modification of diet in renal disease' (MDRD) study equation [4, 5] , which incorporates age, race, gender and serum creatinine level. The MDRD equation is currently one way of transforming creatinine levels into estimated glomerular filtration rate (eGFR) values in adults [2] and provides an improvement over serum creatinine alone [1] . It is more accurate and precise than the CockcroftGault (CG) equation for persons with a GFR less than 90 ml/ min/1.73 m 2 [2, 5, 6] . Creatinine, an amino acid derivative with a molecular mass of 113 Da is freely filtered by the glomerulus. Serum creatinine is influenced by inflammation, age, gender and muscle mass, and has limits to detect mild RI. With the GFR varying between 90 and 60 ml/min/1.73 m 2 , creatinine levels do not significantly increase due to enhanced tubular secretion and glomerular filtration. Moreover, tubular secretion of creatinine differs among and within individuals. For these reasons, the relationship between creatinine and GFR varies substantially and creatinine clearance (CrCl) exceeds the GFR [7] .
The urinary clearance of endogenous filtration such as creatinine (CrCl) itself, widely used as another marker of renal function, is influenced by timed urine collection, its volume and patients' sampling errors, combined with blood sampling during the collection period, which has created substantial difficulties in clinical practice. According to the guidelines of the NKF, the use of 24-h urine collection for the estimation of GFR has consistently been shown to be no more, and often less reliable than serum creatinine-based equations [1] .
Cystatin C, a cysteine protease inhibitor produced by nearly all human cells, has been suggested as an alternative marker of the GFR. With a molecular weight of 13 kDa, cystatin C is freely filtered in glomeruli and almost completely reabsorbed and catabolized by the proximal renal tubular cells [8] . Prior studies suggested cystatin C to be superior to serum creatinine for detecting a decreased CrCl and to be a stronger risk predictor for cardiovascular events and death compared with creatinine or GFR, especially among elderly persons [9, 10] . This is of interest, since prior studies have demonstrated that RI is independently associated with an increased risk of death, cardiovascular events or hospitalization [11] . However, it is less certain whether the measurement of cystatin C is an improvement over creatinine-based equations for estimating the GFR [7] . Both brain natriuretic peptide (BNP) and its circulating plasma form pro-BNP (NT-pro-BNP) are secreted in equimolar amounts during mechanic and neurohumoral stimulation of the heart. Both have been developed as markers of heart failure, since they are closely connected with symptoms of MI and left ventricular dysfunction [12] . In addition, both markers are used for risk stratification of acute congestive heart failure. Vickery et al. [13] have shown that BNP and pro-BNP levels are independently associated with renal function. In their multivariate analysis of patients with chronic renal failure and no clinical history of heart failure, the extents of RI and left ventricular mass index were independently correlated with BNP and NT-pro-BNP levels. These results suggest that elevated BNP levels cannot simply be attributed to reduced renal function and that subclinical cardiac dysfunction, and not RI itself, raises BNP levels. Nevertheless, the parameters pro-BNP, BNP and renal function may suggest an increased risk of death, or for composite end points of death from cardiovascular causes, such as reinfarction or stroke.
RI in cancer patients is often multifactorial and it is clinically useful to consider cancer-independent comorbidities as underlying causes, such as pre-, intrinsic-or post-RI that may decrease patients' outcome [14, 15] . The aim of this study was to determine, whether and to which extent consecutive cancer patients show RI and milder degrees of RI and which parameter of creatinine, cystatin C or eGFR (determining both MDRDand CG-based eGFRs) is most suitable to determine risks for secondary end points, such as concurrent diagnoses, hypertension, diabetes, MI and stroke. Analysis of creatinine, cystatin C and eGFR and determination of their relevance to detect early RI seem valuable in order to screen for preclinical disease and for guidance in the selection of pharmacologic/ chemotherapeutic agents in cancer patients.
patients and methods

patient description and study design
In this retrospective study, we analyzed 167 consecutive patients (108 males and 59 females; median age 59 years; range 18-91) with ST or HM using medical charts and electronic records from August 2004 to March 2005. We determined patients' Karnofsky index (KI), number of concurrent diagnoses apart from the tumor, cardiovascular risk factors, such as body mass index (BMI), presence of stroke or transient ischemic attack (TIA) and comorbidities, described by the methods of Satariano and Ragland [16] The analysis of eGFR MDRD and serum creatinine demonstrated a close correlation in our cancer patients, whereby with decreasing eGFR MDRD , creatinine levels also increased. The relationship showed that greater eGFR variations between the critical range of mild RI (90-60 ml/min/1.73 m 2 ) only insignificantly (or to a much lesser degree) affected serum creatinine levels ( Figure 1 ). correlation analysis among measurements of renal function (creatinine and cystatin levels, eGFR MDRD 
and cystatin levels)
The analysis of serum cystatin and creatinine levels demonstrated a positive correlation (r = 0.73) as depicted in Figure 2A . Besides, there was a negative correlation between eGFR MDRD and cystatin C-levels (r = ÿ0.60) ( Figure 2B ). This confirmed that elevated creatinine and cystatin levels reveal impaired renal function. The relation between creatinine and eGFR is given by the MDRD equation, thereby was not formally analyzed via correlation analysis.
patients' characteristics
The consecutive patients (as summarized in Table 1 ) showed a typical age of cancer patients, predominance of male patients and equal distribution of ST and HT patients. Despite 131 (78%) patients having advanced (metastatic or disseminated) disease, our patient cohort showed a low risk profile, since their median BMI was normal, their KI almost normal, their comorbidity (Satariano) index (SI) low and median concurrent diagnoses were limited (3, range 0-8). Forty-six percent of patients showed a normal eGFR MDRD ( ‡90 ml/min/1.73 m 2 ) which was similar to median eGFR CG values. This was in line with median creatinine and cystatin levels within normal ranges. Comparing chronic kidney disease (CKD) stages 1-5 with the use of the MDRD versus CG equation, both were comparable, with 46% versus 50% having CKD stage 1, and 54% versus 50% CKD stages 2-5, respectively (Table 1) . Twenty-two percent of patients met the criteria for CKD with eGFR MDRD/CG <60 ml/ min/1.73 m 2 for three or more months [1] . In all patients, the median pro-BNP level was elevated with 245 pg/ml. Baseline patient characteristics were also analyzed within different subgroups of declining eGFR MDRD (Tables 2 and 3) , and increasing cystatin C (Table 4 ) and creatinine (Table 5 ) levels.
patients' characteristics according to eGFR MDRD
The baseline characteristics according to eGFR MDRD analyzed in subgroups of ‡90, 89-60, 59-30, 29-15 and <15 ml/min/1.73 m 2 (Table 2) confirmed that patients with decreasing eGFR MDRD (eGFR < 60 ml/min/1.73 m 2 ) had increasing creatinine and cystatin levels, as well as decreasing eGFR CG values. Moreover, we noted an increased BMI, more concurrent diagnoses and clinical signs of left ventricular systolic dysfunction (as suggestive with substantially increasing pro-BNP levels with RI). Of note, the SI did not change with RI. A decreased eGFR MDRD was associated with increasing age, reflecting the fact that age is incorporated in the eGFR MDRD equation.
patients' characteristics within different eGFR MDRD stages
As depicted in Table 3 , grouping cancer patients into CKD 1 versus 2-5 and CKD 1-2 versus 3-5 allowed to detect substantial differences. Patients with eGFR MDRD <90 ml/min/1.73 m 2 (CKD stages 2-5) as compared with CKD stage 1 showed an increased age (P < 0.0001), elevated creatinine and cystatin C levels, as well as decreased eGFR values as calculated by the CG equation. Comparing CKD stages 1-2 versus 3-5 patients demonstrated in the latter group more concurrent diagnoses and increased pro-BNP levels. Patients with decreasing eGFR MDRD had higher rates of hypertension, diabetes, MI and stroke or TIA, albeit without reaching statistical significance (Tables 3 and 6 ), most likely due to limited patient numbers with these concurrent diseases.
patients' characteristics according to cystatin C
For the analysis of baseline characteristics of patients according to cystatin C levels, these were categorized into three groups of <1.0 mg/l, 1.0-1.28 mg/l and >1.28 mg/l as shown in Table 4 . Similar to decreasing eGFR MDRD rates (Tables 2 and 3) , other renal parameters, such as rising creatinine and declining eGFR by MDRD and CG equations confirmed elevated cystatin C levels. With elevated cystatin C levels, patients tended to be older, had more concurrent diagnoses and rising pro-BNP levels. Patients with increasing cystatin C also had a higher rate of diabetes and hypertension, although without statistical significance (Table 6 ). 
patients' characteristics according to creatinine
Patients were grouped into three categories of <1.1, 1.1-1.3 and >1.3 mg/dl according to their creatinine levels (Table 5) .
Patients with increasing creatinine tended to be older, had similar or more concurrent diagnoses, higher BMI and pro-BNP. Again, patients with higher creatinine levels showed increasing cystatin C and decreasing eGFR levels by MDRD and CG. Moreover, risks for hypertension, diabetes and MI seemed to increase, which for the latter reached significance (Table 6 ).
comparison of decreased eGFR (MDRD and CG), elevated cystatin C and creatinine as predictor variables
Overall, eGFR MDRD showed a strong association with increasing creatinine, cystatin C levels, declining eGFR CG values and vice versa (all P < 0.0001; continuity-adjusted v 2 tests; Table 6 ). Noteworthy, eGFR calculated by MDRD in stages eGFR MDRD <90, 60 ml/min/1.73 m 2 showed an OR of 47 for eGFR stages by CG (eGFR CG <90, 60 ml/min) ( Table 6 ). Comparing different clinical parameters within the groups of patients with eGFR MDRD (<90, <75, <60 ml/min/1.73 m 2 ), eGFR CG (<90, <60 ml/min), cystatin C (>1.0 mg/l) or creatinine (>1.1 mg/dl), we observed no association with a specific gender risk, diagnosis of ST versus HM, more advanced disease or comorbidity (SI) (also depicted in Tables 2, 4 and 5) .
Those cancer patients with decreased eGFR MDRD (<90, <75, <60 ml/min/1.73 m 2 ) had increased OR to be older, for more concurrent diagnoses, elevated BMI and pro-BNP levels. With eGFR MDRD <60 ml/min/1.73 m 2 , patients had increased OR of 4.8 to be older, of 3.4 for concurrent diagnoses, of 2.1 for a BMI >24 and 9.2 for an elevated pro-BNP. In addition, patients with 24 ( Satariano index: Group 1 = 1 comorbidity: heart disease (Ø myocardial infarction), gall-bladder disease, diabetes, cancer (other than underlying), respiratory conditions, liver conditions, MI. Group 2 = 2 comorbidities: heart disease + diabetes, heart disease + gall-bladder conditions, heart disease + respiratory conditions, diabetes + gall-bladder conditions, respiratory conditions + gall-bladder conditions, heart disease + MI, heart disease + cancer, other combinations of two conditions. Group 3 = ‡3 comorbidities: heart disease, diabetes + gall-bladder conditions; heart disease, diabetes + MI; other combinations of three or more conditions. b Normal values: creatinine 0. an eGFR CG (<60 ml/min) showed-similarly to eGFR MDRD <60 ml/min/1.73 m 2 -elevated OR of 9.9 to be older, of 2.4 for concurrent diagnoses and of 7.7 for higher pro-BNP levels. Increased ORs were evident for all decreasing eGFR MDRD/CG rates [<90, (<75) and <60 ml/min/1.73 m 2 ] and thereby already detectable with mild RI. Cystatin C >1 mg/l and creatinine >1.1 md/dl levels also increased OR for those risk factors as depicted in Table 6 , albeit were lower when compared with eGFR MDRD <60 ml/min/1.73 m 2 OR in terms of age, concurrent diagnoses and pro-BNP levels. Decreasing eGFR MDRD/CG and increasing 16 (21) 11 ( original article Annals of Oncology creatinine and cystatin C levels affected OR for hypertension, diabetes, MI and stroke, although these (for most) failed to reach significance, since case numbers were small.
discussion
The prevalence of end-stage renal disease (ESRD) continues to rise, especially in persons >65 years. Several prior studies suggested that RI increases the risk of death and complications from cardiovascular disease and hospitalization [11, 17, 18] . The reciprocal relationship between GFR and serum creatinine (as demonstrated in Figure 1 ) offers difficulties for the clinicians to detect early stages of RI by monitoring serum creatinine alone. This is, however, important for early adjustment of medication [19] , such as chemotherapy. Therefore, close collaboration of hematologists and oncologists with nephrologists is essential. In our study, we used the simplified four-variable MDRD equation for eGFR values in comparison to eGFR by CG, and creatinine and cystatin C levels for determining the prevalence of early RI in cancer patients. Our results suggest that consequent monitoring of renal function by eGFR (MDRD or CG) seems to be warranted 14 (17) 15 ( 2 ) had already increased OR for more concurrent diagnoses, elevated BMI and pro-BNP levels, which substantially increased with deteriorating eGFR rates. Of interest (and thereby confirming our results) is that increased BMI, age, deteriorating eGFR, in combination with hypertension and diabetes mellitus, have previously been shown to increase the risk of cardiovascular disease [20] [21] [22] . Furthermore, one study has examined the relationship between higher BMI and risk for ESRD: in a retrospective study of 320 252 adults, the rate of ESRD increased with higher BMI (starting at a BMI of 25 kg/ m 2 ), even in people without diabetes or hypertension, illustrating again that this risk factor and others (often being numerous in cancer patients) increase the risk for early, but also ESRD [22] .
Risk stratification according to comorbidity scores is widely used in cancer patients. Comorbidities are associated with a decreased life expectancy and have repetitively been found to be an independent prognostic factor for cancer outcome. In addition, comorbidities may decrease the tolerance of cancer chemotherapy [23] and are thus being recommended to be assessed for the most adequate guidance of intensive chemotherapy regimens in frail patients. In our study, we used the SI which includes a number of conditions that may influence patients' survival. We chose the SI rather than the more commonly used Charlson index, since the former does not include renal disease within its comorbidity factors, thereby independently allowing determining its correlation with eGFR, cystatin and creatinine levels as well as other parameters. Despite an increased number of concurrent diagnoses with decreased eGFR MDRD , we found no difference in the SI. This might have failed to show due to (i) our limited patient number, (ii) our patients showing a low median SI and/or (iii) indeed no close correlation of the SI with mild or moderate RI.
In accordance with previous studies, our results emphasize that GFR estimated by the use of the creatinine-based MDRD equation seems more accurate than serum creatinine or cystatin C alone [1, 4] and is comparable to the eGRF by CG equation. Albeit being aware of limitations of the MDRD and CG equation, it helps clinicians to interpret GFR estimates. Moreover, the utilization of equations is efficient and cost-effective in centralized computer systems, compared with calculation by clinicians themselves [1] . Therefore, laboratories should closely work with physicians in: (i) making the best choice of GFR equation, (ii) defining indications of eGFR (either only to be measured if requested or each time when serum creatinine is also determined) and (iii) communicating additional information (normal values for age and gender, GFR levels for Kidney Disease Outcomes Quality Initiative (K/DOQI) CKD stages) [1] . Due to our results and evidence from other publications, we have decided to use the MDRD equation at our institution instead of timed 24-h urine collections and cystatin C [1, 7, 18] .
In this study, we also confirmed the closer correlation between creatinine and cystatin C and lower correlation between eGFR MDRD and cystatin C [9] . The additional use of cystatin C as a marker for RI seemed limited, especially as it appears to be influenced by the effect of thyroid function [24] . Furthermore, the unforeseen influence of pharmacokinetics, metabolism and pharmacodynamics of antineoplastic drugs on cystatin C levels is unclear and less well reported, especially not in large numbers of cancer patients. The extent of the specific cancerous disease may also influence the concentration of cystatin C and other renal parameters. Some have suggested an improved prediction of decreased CrCl and thereby RI by determination of serum cystatin C as compared with creatinine in cancer patients [25] , nevertheless, the study was limited due to its sample size and lack of inclusion of a variety of tumor patients (having included only malignant melanoma, gastric and ovarian cancer), so that further studies on cystatin C and other renal parameters are warranted in larger cohorts.
Our comparison of creatinine, cystatin C and eGFR levels suggested that the latter seemed remarkably valuable for determining early stages of RI. In addition, we confirmed that creatinine and cystatin C levels remain within normal ranges in CKD stage 2, so that early detection of slow progression to possible end-stage RI might be more reliably drawn with eGFR values (and may also influence cancer patients' outcome). These findings reinforce the importance of using a practical and costeffective way to determine RI and-if our results are confirmed in future studies-to speculate that eGFR is an alternative, useful and prognostic determinant to detect early stages of RI as compared with CrCl, serum creatinine or cystatin C.
Albeit for this analysis being adequate in number, our study may be criticized for its still limited consecutive patients, especially of those with RI. This reduced our statistical power to determine specific risk factors with deteriorating eGFR, creatinine or cystatin C levels. Furthermore, eGFR by the use of creatinine-based equation has also been assessed critically [4] . Finally, we did not measure RI within a follow-up analysis, so that the role of nephropathy induced by different chemotherapies or radiocontrast agents remains as yet unclear. Forthcoming longitudinal analyses are being planned with longer follow-up and inclusion of disease outcome in a more homogeneous patient group, such as multiple myeloma patients with different eGFR equations. This current analysis already highlights the importance of future longitudinal analyses with extended follow-up and inclusion of disease outcome to assess RI as a potential prognostic marker in cancer patients.
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